INTRODUCTION
It is now widely accepted that increased levels of CO 2 and other greenhouse gases (GHG) in the atmosphere will cause a rise in global temperature that, if uncontrolled, could cause considerable damage to society (Stern, 2007) . Carbon capture and storage, where CO 2 is collected from point sources of emissions, such as power stations, and injected deep underground in geological formations, is set to play a vital role in climate change mitigation (Intergovernmental Panel on Climate Change, 2005) . The principal public concern is that the injected CO 2 remains underground for hundreds or thousands of years.
Capillary trapping, where the CO 2 is stored safely as pore-space bubbles in the rock, has been proposed as a rapid and effective way to render the injected fluid immobile (Ennis-King and Paterson, 2005; Kumar et al., 2005; Juanes et al., 2006; Obi and Blunt, 2006; Ide et al., 2007) . This trapping occurs when the CO 2 is displaced by water-this process occurs as the CO 2 rises upward under buoyancy forces in an aquifer, during natural groundwater flow, or when CO 2 is injected with water to enhance the trapping process. This last concept, injecting water in addition to CO 2 , may allow all the CO 2 to be trapped after only a few years of water injection (Juanes et al., 2006; Qi et al., 2009) : over time, it may slowly dissolve or react with the host rock, but it is safely stored. This may significantly increase the storage security and capacity of saline aquifers; any impermeable cap rock provides only a secondary containment.
While CO 2 would generally be injected as a supercritical phase, implying injection depths of around 800 m or more, injecting much deeper is likely to be expensive. Hence CO 2 trapping may occur in unconsolidated or poorly consolidated formations. Recent simulation studies have highlighted how the effectiveness of the trapping strategy hinges on estimates of the residual or trapped saturations (Qi et al., 2009) .
Many researchers have measured trapping in both consolidated cores (Geffen et al., 1952; Crowell and Dean, 1966; Land, 1971; Ma and Youngren, 1994; Jerauld, 1997; Kleppe et al., 1997; Kralik et al., 2000 , 2003) and unconsolidated sand packs (Chierici et al., 1963; Delclaud, 1991; Plug, 2007; Pentland et al., 2010; Al-Mansoori et al., 2010) . While it is acknowledged that there is a generally decreasing trend of residual saturation with increasing porosity (Jerauld, 1997) , the relationship between residual saturation and grain size, shape, and pore morphology has not been studied. In this article we measure the trapped saturation for different unconsolidated sands. In previous work we have measured how much is trapped as a function of initial nonwetting phase saturation in one sand Pentland et al., 2010) ; here we study the maximum trapped saturation for different sands and relate this to the measured grain size distribution, shape, and pore structure. We use n-octane as the nonwetting fluid at ambient conditions-this simplifies the experimental procedure compared to the use of supercritical CO 2 while using a fluid of similar density Pentland et al., 2010) .
METHODOLOGY
The experimental procedure was as follows; further details can be found in Pentland et al. (2010) The experimental setup is shown in Fig. 1 . Six sands were studied. Ottawa sands F110, F-42, and F-35 were supplied by U.S. Silica (Berkley Springs, WV). HST 95, LV-60, and OMR were supplied by WBB Minerals (Sandbach, Cheshire, UK). Figure 2 shows the grain size distributions measured by sieve analysis. Figure 3 shows slices of three-dimensional micro-CT scan images of the sands that illustrate the grain shapes and pore structure. For each sand, 50 grains were analyzed in the CT image. Each grain was given a score of 1 to 5 for angularity (1 being most rounded) and 1 to 5 for sphericity (1 being most spherical) (Tucker, 1998).
Calculation of Aspect Ratio
The three-dimensional micro-CT images of the sand packs were binarized to distinguish pore and grain. The topology of the central 300 3 portion of the image was analyzed, and equivalent networks of pores connected to each other by throats were constructed using a maximal ball algorithm (Dong and Blunt, 2009) . Figure 4 shows an example network extracted from one of the images. Aspect ratio α is defined as the ratio of the radius of a pore to the average radius of the throats connected to that pore: where r p is the radius of the pore, n c is the coordination number of the pore, and r t is throat radius. The mean aspect ratio and the average coordination number (the mean connectivity) are given in Table 1 . Porosities of the sand packs were determined via mass balance with an average standard deviation of ±0.2%. The pressure drop across the column was measured at three different brine flow rates (1, 3, and 5 mL/min), and brine permeability was then computed from Darcy's law for each flow rate. The average standard deviation for these measurements was 5%.
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RESULTS
Four experiments each were performed on HST 95, LV-60, F110, and OMR, comprising three S or tests and one S oi test. For F-42, one S or and one S oi experiment were performed, and just one S or measurement was made on Table 1 shows the full set of oil saturation results measured by both mass balance (MB) and gas chromatography (GC). A PerkinElmer Autosystem XL GC fitted with a SGE forte capillary column (30 m × 0.25 mm ID, BP20 0.5 µm, polyethylene glycol) and a thermal conductivity detector (TCD) was used to detect fluid concentrations. The GC setup allowed detection of changes of magnitude of 1 ppm within each GC sample vial. Figure 5 shows an example of the measured saturation profiles obtained using GC analysis.
Mass Balance versus Gas Chromatography Measurements
There was a small difference between S or and S oi measured by mass balance and gas chromatography. For S oi the average gas chromatography reading was approximately 1-2% higher than the mass balance calculation, while gas chromatography results for S or were generally around 1% lower. The gas chromatography readings measured saturation for 18 5-cm-long sections, avoiding the ends of the 1-m-long column, whereas the mass balance measurements were made as a single average over the full length of the column, including the two 3-cm end sections. The exit route from the column is a 3-mm channel through the center of the end cap; it is possible that a small amount of liquid could be retained near the outside of the end section farthest from the injection point. Given that the pore volumes of the columns were generally around 106 mL (for average 35% porosity), this could explain the 1-2% lower mass balance reading for S oi (≈ 1 mL wa-
FIG. 5:
Oil saturation results for HST 95. Note that reproducible values of the residual saturation are obtained from experiments on three different columns ter trapped during oil flood) and the 1% increase for S or (≈ 1 mL oil trapped during waterflood). It is also possible that a small amount of oil may have been lost from each sample due to evaporation during the cutting and filtering procedure. Any amount lost would have been very small and would not have affected S oi readings. However, because the S or readings were measuring smaller volumes of oil (around 0.5 mL in each sample, as opposed to around 4 mL for S oi ), a small volume lost from each sample would significantly lower the S or measured by gas chromatography. It is trapping in the end sections, however, that is more likely to be the main cause of the variances seen. For this reason, gas chromatography results will be taken with greater confidence and used for the analysis and discussion. 
ANALYSIS
A weak negative correlation can be seen between S or and porosity and permeability (Fig. 6) . The permeability is approximately proportional to the square of grain size (Fig. 7) :
where K is permeability, d is the mean grain size (diameter), and γ is a parameter related to grain shape, grain size distribution, and porosity-the best fit value for this work is approximately 3.5×10 −4 ; this is lower than the value of 6 × 10 −4 quoted by other authors for granular packs (Bear, 1971) . Figure 6 and Table 1 suggest, however, that there is no strong correlation between residual saturation and grain shape, aspect ratio, permeability, or coordination number. 
FIG. 7:
Relationship between grain size, porosity, and permeability
DISCUSSION
The S or data for all six sands falls into a relatively narrow 2% range, from 11.4% for OMR to 13.5% for F110. These are all lower than most of the residual saturations seen in the literature for both consolidated media and for trapped gas saturations seen in unconsolidated sand (Chierici et al., 1963; Delclaud, 1991) . However, the relationship with porosity is consistent with trends observed for trapped gas in consolidated media (Jerauld, 1996) . Figure 8 shows how these data fall at the lower end of Jerauld's data set. For CO 2 storage, we are concerned with the amount of CO 2 that can be trapped per unit rock volume rather than with the residual saturation itself. Hence we define a trapping capacity:
These results are shown in Table 1 .
Heterogeneous Systems
To investigate how mixing two sands to achieve a bimodal grain size distribution affects trapping, HST 95 was mixed Porosity S (nw) r (%) Jerauld, 1997 Results of this study
FIG. 8:
Comparison of experimental data with literature for residual saturation vs. porosity (modified from Jerauld, 1997) with OMR in a mass ratio of 1:2. The resultant grain size distribution is shown in Fig. 9 . The porosity was 35.1% and the average value of S or was 11.9%; compare this with values of 11.4% for OMR and 13.1% for HST. The trapping capacity of the mixture, 4.2%, is now lower than that of the two sands since the mixture had a lower porosity than either of the individual sands. Next, a layered sand experiment was devised. A finegrained sand (F110) and a medium-grained sand (F-35) were chosen. The permeability of the fine sand was an order of magnitude less than that of the medium sand (6.32 D and 45.4 D, respectively) . A column test was designed so that the first 8 cm (the end section plus the first 5-cm section) was packed with F110, then the next 15 cm (three sections) were packed with F-35, and then the next 15 cm were packed with F110. This sequence was completed all the way along the column with the last layer being 12 cm (two sections plus end section). A total of four tests were performed (two S oi and two S or ), all of which used exactly the same layering structure. The mean porosity was 34.9%. Figure 10 shows the initial and residual distributions of saturation along the column, while Fig. 11 provides more detail for the residual saturation. The oil prefers to be within the higher-permeability layers, with 80-90% initial saturations in F-35 but only 60-70% in F110. The average S oi within F110 was 7% less than the average S oi in the homogeneous tests. In all layers, there was a reduction in S oi just before each boundary, although it was much more pronounced before the fine-medium boundaries.
The average S or over the full length of the column was 12.4%. This was not only lower than the average for both homogenous tests on F110 (13.2%) but marginally less -35 (12.8%) . This can be explained by the reductions in S oi before the boundaries. Although this occurred to a small extent in the medium sands, it was in the fine sands that this effect was more evident. Because F110 had the highest homogenous S or , this played a major part in bringing down the effective S or of the whole column. It was only in the sections after the boundaries that the S or in F110 layers was comparable with the S or in homogenous F110 (13.5%). The overall trapping capacity is even less than either of the two homogeneous sands (C trap of 4.3% as opposed to 4.4% for F-35).
DISCUSSION AND CONCLUSIONS
Residual oil saturations for water-wet, homogeneous, fine-to medium-grained sands were measured to lie between 10.8 and 13.1%. Lower-porosity sands have higher residual saturations, with very little effect due to grain size or shape, pore-scale coordination number, or porethroat aspect ratio. In water-wet systems, it has been shown that snap-off, which is the principal displacement mechanism by which the nonwetting phase is trapped, is more favored if the aspect ratio is large (much smaller throats than pores) (Jerauld and Salter, 1990) , while trapping is less likely to occur in media with a high coordination number since the pore space is well connected and it is easy for the nonwetting phase to escape. The sands we studied spanned a relatively narrow range of pore structure, and so these dependences could not be discerned clearly. This work illustrates that porosity is the principal determinant of residual saturation. As a useful measure of carbon dioxide storage, the trapping capacity, expressed as the residual saturation times porosity, fell within a relatively narrow band from 3.8 to 4.8%. Mixing two sands together led to a lower trapping capacity than either of the component sands due to the slightly lowered porosity of the mixture.
Layered systems, with the displacement direction perpendicular to the layers, gave slightly lower residual saturations than the corresponding homogenous sands. This was because the initial nonwetting phase saturation in the lower-permeability layers was lower: the capillary pressure required to reach a high initial saturation in the highpermeability layers was insufficient to drain the lowerpermeability regions. Overall this work suggests that the trapping capacities of unconsolidated media, even with small-scale heterogeneity, will be low.
